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In body-centred-cubic (bcc) metals migrating 1/2〈111〉 screw dislocations experience a periodic
energy landscape with a triangular symmetry. Atomistic simulations, such as those performed using
the nudged-elastic-band (NEB) method, generally predict a transition-pathway energy-barrier with
a double-hump; contradicting Ab Initio findings. Examining the trajectories predicted by NEB
for a particle in a Peierls energy landscape representative of that obtained for a screw dislocation,
reveals an unphysical anomaly caused by the occurrence of monkey saddles in the landscape. The
implications for motion of screws with and without stress are discussed.
Note: the present version of this manuscript was written in 2011 and does not reflect the
current understanding of the Peierls landscape. In particular, it is now thought that, for Fe and
other bcc transition metals, the saddle-point or “split-core” configuration is in fact an energy
maximum [1, 2].
In body-centred-cubic (bcc) transition metals, such
as iron and tungsten, 1/2[111] screw dislocations play
a critical role in plastic deformation. This is particu-
larly important in irradiated materials, where the irra-
diation damage may alter the mobility of screw disloca-
tions, leading to radiation induced hardening and embrit-
tlement.
Consequently, it is vitally important to understand
the mechanisms and processes involved in the motion of
screw dislocations. It is almost impossible to observe, let
alone investigate, screw dislocations in experiment, and
so computational simulation at the atomic level has a
crucial role to play.
One of the main avenues for investigating screw dislo-
cations via simulation is through the use of interatomic
potentials in molecular dynamics. Density functional
theory (DFT) calculations have revealed both the 0K
core structure and 0K migration barrier for 1/2[111]
screw dislocations (see for example [3]) and the fitting
of potentials is now directed toward reproducing these
properties. However, while it is generally understood how
to produce the correct non-generate compact core struc-
ture [4], it is less clear how to obtain the Peierls migration
barrier for a dislocation moving between adjacent equilib-
rium (‘easy’) core positions. DFT calculations predict a
single-hump barrier, while atomistic calculations for po-
tentials predicting the correct core structure, either via
the nudged-elastic-band (NEB) [4] or drag method [3],
find a double-hump structure with a metastable interme-
diate configuration.
In this letter, we investigate the origin of the double-
hump structure predicted by atomistic simulations and
suggest an explanation for why it occurs. This in turn
leads to the revelation that interatomic potentials may, in
fact, be modelling the migration barrier correctly. Fur-
thermore, the consequences for the migration of screw
dislocations are profound, with reasons behind alterna-
tive glide planes – for so-long a contentious issue – be-
coming immediately understandable from analysis of the
energy landscape.
It is well known that the displacements associated
with a 1/2〈111〉] screw dislocation are essentially one-
dimensional in nature and parallel to the Burgers vector
(Clouet et al. [5] show that the displacements perpen-
dicular to the Burgers vector are at least an order of
magnitude smaller than those parallel to it). Previously,
this has allowed the core structure of screws to be inves-
tigate by considering the bcc lattice as being constructed
of rigid [111] atomic strings in a Multi-String Frenkel-
Kontorova (MSFK) model [4]. However, if we do not
care about the core structure (other than to assume it
is correct), then it is not necessary to consider the in-
teraction of strings. Instead a screw dislocation can be
reduced to a single point defined by its position in the
2D space perpendicular to its Burgers vector. Edagawa
et al. [6] defined a sinusoidal potential for the energy of
such a screw-particle:
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where a is the usual lattice parameter. In this formalism,
x is [112¯] y is [11¯0], and the screw-particle has −Vmag en-
ergy minima representing the easy-cores and Vmag hard-
core maxima correctly distributed in the triangular lat-
tice of a (111) plane (Fig. 1).
Using this potential static NEB calculations[8, 9] give
the Peierls-energy barrier associated with the translation
of a particle from one energy minimum to another ad-
jacent to it (from A to B in Fig. 2b). Fig. 2a shows
a series of such calculations for different values of the
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FIG. 1. The energy landscape defined by the Edagawa [6]
potential for a point-like screw dislocation (equation (1))
with Vmag = 2 and a = 2.8553 A˚ – the lattice param-
eter of the Mendelev [7] potential for Fe; (a) as a two-
dimensional contour plot for the variation in energy, and
(b) as three-dimensional energy landscape with the contours
super-imposed onto the energy surface.
NEB spring constant κ for a screw-particle moving the
2a/
√
6 A˚ in a [112] direction, while Fig. 2b shows the
pathway of the particle in 2D space for each of the tra-
jectories. Note that the variation as a function of κ is
reproduced regardless of the particular tangent method
used in the NEB method, even if using ones designed to
ensure a smooth trajectory (see for example Henkelman
et al. [10]).
Trajectories with single-humped energy barriers are
characterised by a relatively smooth arcing pathway be-
tween the two endpoints, while double-humped barriers
result from trajectories that deviate significantly from
this, with the mid-point particle position approaching
the third easy-core minima adjacent to the ‘saddle point’
between the trajectory endpoints (C in Fig. 2b). This
three-way saddle-point in the Peierls energy landscape
of the Edagawa potential (1) is also known as amonkey
saddle.
A particle (or indeed a screw dislocation in a similar
energy landscape) sitting at the top of this monkey sad-
dle can follow three equally-likely downward paths, as
demonstrated by the (white) arrows for the highlighted
monkey saddle in Fig. 1a, and, correspondingly, a parti-
cle travelling up to this saddle from one of three energy
minima surrounding it has two equally-favourable for-
ward alternatives when it reaches the top of the barrier.
Thus the screw-particle has a frustrated forward trajec-
tory (Fig. 3).
Clearly, a single hump is the most physical result since
it is a true representation of the barrier between adja-
cent minima. The double hump, on the other hand, ap-
pears to be an artefact of the NEB method because it
only appears when κ is sufficiently small, i.e. when the
springs between image configurations along the reaction
coordinate are sufficiently weak. For a true saddle point
with only two options at the top of the barrier the NEB
method has no problem, but the unique nature of the
monkey saddle causes un-physical trajectories to be ac-
cepted simply because they correspond to a lower overall
barrier energy (summed over the energy of the discrete
image configurations).
For the present situation, starting from the single-
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FIG. 2. NEB trajectories as a function of the spring constant
κ for a screw-particle moving in the [112¯] direction between
two adjacent energy minima (from A to B in (b)) of the Eda-
gawa potential (1). (a) the energy barriers associated with
trajectories, and (b) the paths taken by the particle in the
(111) plane as it moves from A to B. For sufficiently small
values of κ the particle moves on a path that also includes
the minima C, which is the third ‘easy’ position surrounding
the saddle point.
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FIG. 3. The energy landscape of the Edagawa potential (1)
showing the two alternative forward directions possible for a
screw-particle that has moved from an energy minimum to
the top of the monkey saddle.
humped barrier corresponding to a simple linear path
between two low-energy positions, the NEB algorithm
will search for a lower energy trajectory by perturbing
the images from their current positions in the direction
of downward force gradients. For most images these gra-
dients are along the trajectory (i.e. toward the minima at
each endpoint), and are projected out so as to prevent the
images slipping towards the endpoints, which would oth-
erwise cause the barrier to be under-represented. How-
ever, at the monkey saddle there is also a downwards
gradient normal to the trajectory towards the third en-
ergy minima surrounding the saddle. These forces are
not projected out, and therefore produce a tendency to
perturb an image at the top of the saddle towards the
third minima. If the springs are sufficiently strong then
the image configuration is held effectively at the monkey
saddle, but if κ is small then the trajectory slips away
from the saddle and a double-hump energy barrier re-
sults. If it is not known a priori what form a particular
energy barrier should take and if the overall energy land-
scape is not well understood (as in the case of a 1/2〈111〉
screw dislocation), then it is conceivable that such an
artificial barrier might be believed true.
Knowing the Peierls energy landscape for a particu-
lar transition, as we do here for a screw-particle in the
Edagawa potential (Fig. 1), and observing the monkey
saddles it contains, makes it immediately clear that a
single-humped transition energy barrier is the correct
one. To confirm the existence of the monkey saddle in
the energy landscape of a 1/2〈111〉 screw dislocation gen-
erated from atomistic simulations we start by assuming
that the isotropic elasticity solution for the screw is a
good representation of its relaxed structure, at least for
the Mendelev [7] potential in Fe considered here. Gilbert
and Dudarev [4] observed that this was true for the fully
relaxed easy-core configuration. Thus we compute the
energy landscape by measuring the instantaneous energy
of a screw-dislocation 20 Burgers vectors long, described
by the isotropic solution, as a function of its position in
∆E/b
-6 -4 -2  0  2  4  6
[112–]
-6
-4
-2
 0
 2
 4
 6
[1
1– 0
] 
 0
 0.05
 0.1
 0.15
 0.2
 0.25
 0.3
FIG. 4. 2D representation of the Peierls-potential landscape
for a 1/2〈111〉 screw dislocation under the Mendelev [7] for
Fe.
the (111) plane, and obtain the result shown in Fig. 4.
The results demonstrate that, at least for the Mendelev
potential of Fe, the Peierls energy landscape experienced
by a perfect screw dislocation does contain the same mon-
key saddles as those seen in the landscape defined by the
Edagawa potential (1). In particular, there is nothing in
Fig. 4 to suggest that the double-humped translation bar-
rier previously predicted for the Mendelev potential [3]
is representative of the trajectory a screw would take
through this landscape – there are no metastable config-
urations that could account for the dip in the middle of
the barrier.
Given this new understanding we can investigate
whether the true migration barrier can be reproduced
for atomistic systems using the NEB technique by simply
varying κ. NEB calculations have been performed on a
1/2〈111〉 screw-dislocation dipole translating in the (1¯10)
plane (in opposite [112] directions). The two dislocation
poles were placed 20 [1¯10] unit-cell dimensions apart (i.e.
20×√2a) in a bcc lattice containing 12000 atoms of size
10× 40× 5 unit cells in a {[112¯], [1¯10], [111]} coordinate
system. Periodic boundary conditions (PBCs) were used
in all directions. For each NEB calculation 37 images
were used along the trajectory, giving 39 configurations
in total for each curve in Fig. 5.
The results (Fig. 5) indicate that while increasing the
value of κ does eventually produce a single-humped en-
ergy barrier, the height of the barrier does not converge,
but instead continues to increase, and so it may be that
the NEB method (or indeed the drag method) is funda-
mentally unsuitable to measure Peierls barriers in energy
landscapes containing monkey saddles.
The frustration that results from the presence of mon-
key saddles in the energy landscape of a screw dislocation
can be appreciated by considering the diffusion at finite
temperature of a screw-particle through the Edagawa po-
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FIG. 5. A series of NEB trajectories for the translation of
a screw dislocation from one Peierls valley to the next in a
[112¯] direction under the Mendelev [7] interatomic potential
for Fe. The only difference between each curve is the size
(strength) of the spring constant κ between each image along
the trajectory.
tential (1). Starting from the over-damped (meaning that
acceleration terms are neglected) equation of motion for
particle in a 2D potential U(x):
γ
dx
dt
= −dU
dx
+ F(t), (2)
where x = (x, y), γ is the friction coefficient, and F(t) is
a delta-correlated random force vector with each compo-
nent satisfying
〈Fk(t)Fk(t′)〉 = Γ2δ(t− t′), and 〈Fk(t)〉 = 0 (3)
Combining the theories of Einstein [11] and Langevin [12]
for Brownian motion, we have that [13]
γ =
kBT
D
, and so (4)
Γ =
√
2DkbT, (5)
by substituting, into equation (3), the solution to equa-
tion (2) in the absence of an external stress (i.e. U ≡
0) [14, 15]. Here D is the diffusion coefficient of the
particle, kB is Boltzmann’s constant, and T is tempera-
ture. Following the arguments by Frenkel and Smit [16]
for non-commutative Liouville operators (i.e. dU/dx and
F(t)) we evolve each coordinate k of the particle’s posi-
tion by ∆t in three steps:
i) x∗
k
= xk(t) +
∆t
2
Fk(t); (6)
ii) x∗∗k = x
∗
k −
∆t
γ
∂U(x∗
k
)
∂xk
; (7)
iii) xk(t+∆t) = x
∗∗
k +
∆t
2
Fk(t). (8)
In steps (i) and (iii), 1/γ has been absorbed into Fk(t) =
ξk
√
2D∆t, where ξk is a Gaussian-distributed random
number between -1 and 1, introduced in order to satisfy
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FIG. 6. a contour plot of the % occupation of the landscape
over the course of 1000 20 ps trajectories of a screw-particle
migrating through the Edagawa energy-landscape. Each tra-
jectory starts from the centre of the highlighted easy-core
triangle, and the only difference between trajectories is the
initial random number seed.
(3), and which is fixed in each time step for each coordi-
nate direction.
In Fig. 6, the percentage occupation over the course
of one thousand 20 ps trajectories has been calculated
for a screw-particle moving in the Edagawa potential
at a temperature T of 2000K, and under a friction co-
efficient chosen to produce a diffusion coefficient D of
4× 1012 A˚2s−1(the temperature and diffusion coefficient
are very high compared to experiment and atomistic
simulations, but were used for illustration only), with
a = 2.8553, and Vmag = 2. In each trajectory the screw-
particle was initially at the centre of the easy-core trian-
gle high-lighted in bold (light-blue) in the figure.
Predictably, the region with the highest occupation
is at the centre of the easy-core triangle from which
each trajectory was initiated, and the total occupation
of points within this region are of the order of 3%. The
reduction in occupation in the first six triangles around
the initial position is uniform in all directions, but beyond
this the distribution of occupations becomes non-uniform
as a result of the frustration experienced at the monkey
saddles. 〈110〉 directions are more favourable than 〈112〉
because there are twice as many equally probable shortest
routes to each triangle in the former direction compared
to the latter. Of course, as the length of trajectories in-
creases, leading to spreading over a greater range of po-
tential minima, this asymmetry would become less and
less obvious because of the greater number of routes of
equal length to any given energy well.
On the other hand, if there is any bias in the energy
landscape, perhaps due to an external stress field then the
picture can be altered dramatically. Figs. 7a and 7b both
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FIG. 7. The effect of a bias to the Edagawa potential land-
scape on the trajectory of the screw-particle; (a) four trajec-
tories experiencing a negative energy slope in the [112¯] direc-
tion, and (b) four trajectories biased by a negative gradient
in the [11¯0] direction. Starting core position highlighted in
bold (light-blue).
show four trajectories that result from adding a negative
potential gradient to equation (1) in the [112¯] and [11¯0]
directions, respectively. In each case this results in the
trajectories being strongly biased to move in the direction
of the potential gradient.
In a real system, i.e. one containing a long screw dis-
location segment, it is well known that the dislocation
moves by forming kinks, which can, once formed, drag
the rest of the dislocation over the potential barrier. The
above observations would suggest that this kink forma-
tion process is frustrated by the monkey saddle configu-
ration. The fact that returning to the original position is
only half as likely as being displaced provides a possible
explanation for the observed discrepancy between exper-
iment and simulation. Experiments generally predict an
activation energy for screw dislocations that is roughly
half of that predicted by molecular dynamics simulations.
While simulations of screw dislocations are generally per-
formed in a landscape heavily biased by large stresses
and strains, which would tend to remove the frustration
(see Fig. 7), experiments are normally performed at much
lower stresses (or with no stress at all). In such experi-
ments, the frustration would be fully realised, leading to
propagation that is twice as likely, and therefore has only
half the activation energy, as that measured by simula-
tion.
In summary, the simulations of a screw-particle in
the sinusoidal Edagawa [6] potential (equation (1)) re-
veal that the nudged-elastic-band (NEB) method pro-
duces anomalous double-humped Peierls-energy barriers
for the migration of the particle through the landscape.
This is caused by the presence of a monkey saddle-point
in the energy landscape, which has equal positive forces
pointing towards each of three easy-core energy minima,
leading conditions whereby the pathway can anomalously
deviate toward a third easy-core (different from the end-
points of the pathway).
Atomistic simulations for existing interatomic poten-
tials have shown that the energy landscape for a migrat-
ing screw dislocation also contains these three-way sad-
dle points, and so the NEB method will also converge to
the dynamically unphysical double-hump Peierls-energy
barrier. In a real system, if a screw dislocation (or screw-
particle) had actually started to move towards this third
minima it would, in all likelihood, continue to the bot-
tom - a complete transition over the saddle-point with
a single-humped energy barrier. The double-humped
barrier previously predicted for the motion of 1/2〈111〉
screw dislocations in bcc metals is actually two transi-
tions over the saddle-point, while the height and shape
of each single-hump is the true picture for a single tran-
sition from one easy-core minimum to the next in one of
the three 〈112〉 directions in the (111) plane.
A further consequence of the observed monkey saddle
configuration is that propagation of a screw dislocation
through a lattice (either via kinks or as a straight-line) is
twice as likely as remaining in the original core position.
If a dislocation segment propagates to the top of a mon-
key saddle (perhaps as a result of thermal fluctuations),
then there are two forward routes and a return to the
original position that are all equally favourable. Thus at
finite temperature net movement away from the initial
position would happen twice as often as in a system con-
taining only two-way saddles in the Peierls-energy land-
scape.
Hence, a possible explanation for why experimental
measurements of the activation energy for the screw-
migration is half of that predicted from simulation is that
experiment generally measure the activation energy in an
unbiased system of monkey saddles where the frequency
of motion (displacement) is twice that of a dynamic pro-
cess containing normal saddle points. Meanwhile, sim-
6ulations are able to explicitly calculate the the energy
associated with an individual transition of a screw dislo-
cation over the barrier.
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